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Intermittent contact scanning nonlinear dielectric microscopy IC-SNDM was developed as a novel
technique for surface topography measurements and observation of domain structures. Domain
structures on ferroelectric single crystals were observed with nanoscale resolution using IC-SNDM.
The reproducibility of measurements was improved in comparison to a conventional SNDM
operated under contact mode, because the tip and/or sample damage are reduced when using
intermittent contact mode. The minimum loading force of the probe to provide basic performance
was experimentally determined for IC-SNDM. © 2010 American Institute of Physics.
doi:10.1063/1.3274138
I. INTRODUCTION
Scanning probe microscopy SPM has become an indis-
pensable tool for revealing the nanoscopic behavior of mat-
ter, because it can be used to measure not only surface to-
pography, but also various properties of materials such as
conductivity, viscoelasticity, and frictional coefficient.1–5
While various SPM method types have been proposed, scan-
ning nonlinear dielectric microscopy SNDM was intro-
duced in 1994.6 This microscopy detects the local anisotropy
of materials, and it is utilized to observe ferroelectric domain
structures and doping profiles in semiconductor devices.7,8
To date, SNDM measurements have been applied to hard
materials with a focus on inorganic compounds. However,
most biomaterials are composed of polar molecules, so, in
principle, the local polarity of these materials can be ob-
served as well. Unfortunately, it is difficult to observe bio-
materials using SNDM without destruction of the soft sur-
face, because the probe is in constant contact with the sample
surface during conventional SNDM measurements. Further-
more, abrasion of the probe tip can sometimes become a
considerable problem in contact-mode measurements, even
during observation of hard materials. Although highly sharp-
ened probes with tip radii of less than 10 nm have recently
become available, it is extremely difficult to carry out re-
peated measurements while maintaining favorable tip sharp-
ness and imaging resolution. Changes in the detection signal
that are induced by deformation of the probe tip are a fre-
quent obstacle to quantitative measurements. In order to re-
solve these problems, noncontact SNDM NC-SNDM was
recently introduced.9–11 This method has led to drastic im-
provements in the performance of SNDM, as demonstrated
by the achievement of atomic-scale electric dipole visualiza-
tion of the Si111 77 structure. However, the limitation
against objects to be measured by NC-SNDM tends to be
more severe when compared with contact-mode SNDM, be-
cause the detected signal is significantly decreased when the
probe is not in contact with the sample surface. In addition,
the interpretation of the signal intensity profiles obtained by
NC-SNDM tends to involve more difficulty compared with
contact-mode SNDM, because the gap between the probe
and the surface is not kept precisely constant and the de-
tected signal is slightly modulated by the gap length. There-
fore, in order to extend the scope of application of SNDM
measurements, the development of a novel method that is
intermediate to, and has the best features of, both contact-
mode SNDM and NC-SNDM, is required.
Conventional contact-mode SNDM utilizes an atomic
force microscope AFM system in order to control the load-
ing force imposed upon the probe. AFM has a measurement
mode known as intermittent-contact mode or tapping mode
in addition to the contact and noncontact modes.12,13 Under
intermittent-contact mode operation, the cantilever probe of
the AFM is excited by a constant driving force and the os-
cillation amplitude is detected using an optical lever
method.14 When this method is used, the probe will oscillate
up and down while descending toward the sample surface.
Once the probe tip begins to touch the sample surface inter-
mittently, the oscillation amplitude gradually decreases. A
feedback system is used to adjust the gap length between the
probe and the sample surface in order to keep the oscillation
amplitude constant, and thus ensure that the probe’s intermit-
tent contact with the surface is maintained at a constant load-
ing force.
However, the simple combination of the SNDM method
and intermittent-contact mode in AFM seldom results in a
suitable observation, because the SNDM signal is extremely
dependent on the probe-surface gap length and the signal-to-
noise ratio obtained is not sufficient unless the amplitude of
the probe oscillation is set to an exceptionally small level.9
Therefore, intermittent-contact SNDM IC-SNDM is pro-
posed, and uses a different technique for controlling the load-
ing force, as described in the following section.
II. PRINCIPLE AND SYSTEM CONFIGURATION
OF IC-SNDM
The measurement sequence of IC-SNDM is as follows:
The probe only touches the surface at each measurement
point that corresponds to the image pixels. In order to pre-
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vent damage to the probe and/or the sample surface, after
taking one SNDM datum at a measurement point, the probe
is retracted from the surface before it is moved to the next
measurement point. This sequence is repeated until the speci-
fied number of image pixel measurements is obtained. A
schematic of the IC-SNDM system configuration is pre-
sented in Fig. 1. An optical lever method is adopted to detect
the contact points of the probe. To monitor the loading force
of the probe, the back surface of the cantilever is exposed to
a laser beam and the reflected laser beam is detected using a
tetrameric photodetector PD. The contact point is detected
by capturing the change in the laser light path. A digital
signal processor DSP is used to generate the actuator driv-
ing signal, which is controlled in real time with discrimina-
tion as to whether the probe should reach the sample surface.
The pickup probe of the SNDM circuit is composed of a
sharp-pointed conductive probe and an oscillator circuit. The
directions of polarization in the material are detected as non-
linear dielectric responses. The sign of the capacitance varia-
tion induced by the voltage applied to the medium depends
on the direction of polarization. In order to detect small
variations in capacitance with high sensitivity, a frequency
modulation FM method is adopted. That is, the inner oscil-
lator mounted in the probe is tuned to the resonance fre-
quency determined by the capacitance immediately under the
tip of the conductive probe and the inductance embedded in
the circuit. Therefore, the probe generates an FM signal con-
taining information of the polarization direction when an al-
ternating voltage is applied to the medium. The FM signal is
detected using an FM demodulator and a lock-in amplifier,
and a voltage signal that is proportional to the capacitance
variation is obtained.
Figure 2 shows a timing chart of the monitoring signals
during the measurement operation. Figure 2a represents a
driving signal for the z-axis piezo scanner, which is used for
probe height control. Figure 2b represents the differential
signal of the PD that corresponds to the amount of cantilever
deflection or the loading force. Figure 2c represents the
nonlinear dielectric response derived from the dielectric an-
isotropy. The probe approaches the sample surface during
period I. The DSP module is programmed so as to stop the
approach at the instant when the PD signal exceeds a certain
previously set threshold. The set thresholds are compen-
sated in each point using the PD signals under free-load
states, which are monitored in period IV, in order to suppress
the effect of the slow changes in the laser light path. The
probe is in contact with the sample surface and the nonlinear
dielectric response is measured during period II. The probe is
retracted from the sample surface immediately after comple-
tion of the measurement III, and then moved to the next
sampling point using an x-y piezoscanner IV.
Similar measurement techniques were studied by
van der Werf et al. “adhesion mode AFM”,15 de Pablo et al.
“jumping mode scanning force microscopy JM-SFM”,16
and Otsuka et al. “point-contact current-imaging AFM
PCI-AFM”.17 PCI-AFM measures local current-voltage
characteristics of materials, whereas IC-SNDM measures lo-
cal dielectric anisotropies of materials. The probe is excited
to detect the gap length between the probe and the sample
surface in PCI-AFM measurements, whereas the probe is not
excited in the IC-SNDM measurement.
III. EXPERIMENTAL AND DISCUSSION
Several operation tests were carried out to evaluate the
fundamental performance of the proposed measurement sys-
tem. It is preferable to reduce the loading force of the probe
as much as possible to avoid the destruction of the sample
surface and/or abrasion of the probe tip. Therefore, the mini-
mum loading force was determined experimentally. A
LiTaO3 single crystal was selected as a test sample. The
crystal was depolarized by annealing at 700 °C for 1 h, fol-
lowed by polishing of the sample surface.18 The prepared
sample had a multidomain structure consisting of −z and +z
domains with sizes in the range of several tens of nanometers
to several micrometers.19 The cantilevers used in this study
were coated with PtIr alloy Pt 95%, Ir 5% to impart con-
ductivity. The tip radius was approximately 25 nm and the
typical spring constant was 2.8 N/m.
Domain observation using IC-SNDM was conducted


























































(a) Piezo control signal
(b) Deflection of the cantilever
(c) Nonlinear dielectric response
I II III IV
FIG. 2. Timing chart of the monitoring signals during measurement opera-
tion. a Piezo control signal, b deflection of the cantilever PD signal, and
c nonlinear dielectric response SNDM signal.
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position in the range of 3–10 mV. The experimental results,
including SNDM images and histograms of SNDM and PD
signals, are shown in Fig. 3. The PD signals were the actual
values measured after contact period II in the timing chart of
Fig. 2. A clear SNDM image was obtained with a set point
of 10 mV, as shown in Fig. 3a. The dark and bright con-
trasted areas represent +z and −z domains, respectively. The
two peaks corresponding to +z and −z domains in the histo-
gram of the SNDM signal were confirmed as distinctly sepa-
rated. The histogram profile of the PD signal was depicted as
a single normal distribution curve, which indicates that the
probe touched the sample surface properly at all the mea-
surement points. However, the peak point of the PD signal
histogram was slightly different from the set point. This is
because there was a time delay typically around 5 ms be-
tween the detection of the contact point and the actual stop of
the probe due to inertial force. The resonant frequency of
the piezo actuator in our setup is unfortunately as low as
approximately 1 kHz, although a typical resonant frequency





(a) Set point = 10 mV
(b) Set point = 7 mV
(c) Set point = 5 mV
(d) Set point = 3 mV
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FIG. 3. Domain structure of a LiTaO3 single crystal observed using IC-SNDM. The set point voltage is changed from 3 to 10 mV. Histogram data of SNDM
and PD signals are also depicted with each image. The PD signals correspond to the deflection of the cantilever after approach to the sample.
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AFM systems is several kilohertz. This effect is reduced by
introducing a piezo actuator with a high-speed response.
As shown in Fig. 3b, another peak emerged in the PD
signal histogram around 0 mV when the set point was set to
7 mV, in addition to a normal peak similar to Fig. 3a. This
indicates that approach error occurred for some measurement
points. The PD signal continually fluctuates to some extent
due to the cantilever vibration. Therefore, if the set point is
decreased to the noise level of the PD signal, the contact
points are frequently misread and the frequency of approach
error increases. In this case, the PD signals indicate 0 mV in
subsequent measurements, because the probe is not in con-
tact with the surface. However, a relatively clear domain
pattern was obtained under this condition even though some
approach errors occurred. The actual amount of cantilever
deflection was calculated to be 1.5 nm and the contact load
was 4.2 nN from the PD signal histogram. When the set
point was decreased to less than 5 mV, the frequency of
approach errors increased significantly and the influence was
prominent in the SNDM images.
Subsequently, the reproducibility of the measurements
was examined. A series of measurements with set points of
100, 50, and 20 mV was regarded as one cycle, and the cycle
was repeated eight times. Multidomain structures in a
LiTaO3 single crystal were selected as a test sample, similar
to the previous measurements, and the results are shown in
Fig. 4. Each plot represents the average signal intensity with
respect to the +z and −z domains, respectively. The repro-
ducibility was excellent under the equivalent set point con-
ditions. For example, the variation in the measurement val-
ues was only 1.5% standard deviation when the set point was
100 mV. The variation in signal intensity was clearly depen-
dent on the contact load. This is conceivably because the
electric field immediately under the probe was largely
changed due to a slight reversible deformation of the probe
tip. Therefore, sufficiently precise control of the contact load
is important for quantitative analyses using SNDM. The sig-
nificant improvement is also confirmed from the results in
Fig. 5. The signal intensity of conventional SNDM is plotted
in the graph in addition to that of IC-SNDM. The signal
intensity of conventional SNDM varied widely at the first
approximately 10 mm scanning. The signal intensity fluctu-
ated with accuracy of 5–10% after 10 mm in scan dis-
tance. On the other hand, the signal intensity of IC-SNDM
was continually steady. These results imply the reduction in
tip damage and the possibility of nondestructive observation
of soft materials.
To summarize, IC-SNDM was developed with the aim of
extending the scope of application of SNDM measurements.
IC-SNDM permits stable observation of surface polarization
distribution with minimal tip damage and good reproducibil-
ity. The minimum contact load was 4.2 nN under the dem-
onstrated setup conditions. IC-SNDM is considered to be
particularly effective for the following measurements;
1 nanoscale polarization discrimination analyses for soft
materials,20,21 2 observations of domain structures in
ferroelectric thin films deposited on three-dimensional
substrates,22,23 and 3 quantitative measurements requiring
higher reproducibility compared with conventional SNDM.24
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FIG. 4. Transitional change in signal intensity with repeated measurements
using IC-SNDM. The positive and negative signals represent the nonlinear
























Intermittent contact (this work)
Traditional contact
FIG. 5. Comparison between IC-SNDM and conventional SNDM with fo-
cus on the reproducibility. The signal intensity was normalized using the
averaged intensity of the first-scanned image.
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